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Introduction
Research regarding skeletal muscle injury is a growing interest especially for
athletes. Most athletes want to be able to return fully to their sport as soon as possible
after an injury as well as be fully healed. Although many athletic injuries include tendon,
ligament, and bone injuries, muscle injuries are among the most common accounting for
up to 55% of sports injuries (Guillodo 2009). Because it is unethical to create an
identical injury in humans, our study used mice. There are a variety of ways to injure a
mouse’s muscle including myotoxic agents, chemical injury, or physical injuries (Hardy
2016). Our study uses chemical injury with barium chloride injected into the tibialis
anterior (TA) because it can be consistently administered and it is the most commonly
used method of skeletal muscle injury in mouse research (Hardy 2016). We also inject a
control of NaCl in the TA in the opposite leg to show that the needle injecting the
substances is not causing enough of an injury to impact the endothelial permeability of
the muscle.
Currently in scientific research there is an imbalance of research done between
male and female subjects. There is a growing need to understand the differences in
disease progression and healing in females. We are specifically interested in studying
muscle injury and healing. A study done using human subjects found that males tend to
have higher expression of genes encoding mitochondrial proteins, ribosomal proteins,
and some translation initiation factors, while females have a greater expression of
growth factor pathways that regulate muscle mass (Welle 2008). One of the growth
factor pathways that are more highly expressed in females inhibits insulin-like growth
factor (IGF), which plays a large role in the regeneration of skeletal muscle (Welle 2008,
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Vignaud 2010). Studies show that macrophage-produced IGF-1 helps directly regulate
muscle regeneration by expanding satellite cell numbers while also regulating
macrophages to change to the M2 phenotype which promotes muscle growth,
regeneration and recruitment of monocytes (Tidball 2015, Chazaud 2009, Ruffell 2009,
Tidball 2006, McLennan 1996).
Sex differences were also identified during the process of inflammation. In order
to measure inflammation and injury, researchers measure the vascular permeability of
the injured area. Permeability is how easily or how many cells and proteins can pass
through the blood vessel walls. It is an important factor in the healing process as it is
what allows healing and regeneration factors as well as multiple types of cells to reach
the injured area to clean out the dead and injured cells as well as begin regenerating
the muscle tissue. Our preliminary unpublished studies show that endothelial
permeability peaks at three times post skeletal muscle injury; 30 minutes, 48 hours, and
7 days. The 30-minute peak is when neutrophils infiltrate to begin clearing out the dead
and injured cells. The 48-hour peak is when macrophages infiltrate to continue clearing
out waste and begin regeneration (Nicholas 2014). The 7-day peak is around when
angiogenesis, or the formation of new blood vessels, begins. Our focus is on
macrophages, which are an important leukocyte in the regeneration of skeletal muscle.
A study showed that macrophages present 2 to 4 days post skeletal muscle injury
affected muscle fiber membrane repair which increased muscle use, repair, growth, and
regeneration (Nicholas 2014, Tidball 2006, Tidball 2011).
Due to the variety of gene expression differences, we do not expect males and
females to heal exactly the same, or have an identical inflammatory response. The main
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goal of this study was to identify the endothelial permeability differences between males
and females at different ages. The three ages we studied were one month, two months,
and three months which are loosely equivalent to childhood, adolescence, and
adulthood in humans, as the mice are still growing at one and two months of age and
start reproducing around 3 months. Our present data tested the hypothesis that the
female mice will show more permeability at 48 hours post injury than the male mice at
all three ages.
Methods
Animals: Male (n=24) and female (n=24) Swiss Webster mice ages one month old, two
months old, three months old (regular, castrated, and ovariectemized), 6 months old,
and 12 months old (n=4 per group) were used in this study. Castration and ovariectomy
were performed at 8 weeks at Charles River Labs.
Muscle Injury Model: Each mouse was weighed in milligrams to calculate how much
injection each mouse received based off of their body weight divided by 12. Each
mouse was injected with this amount of NaCl as a control in the right tibialis anterior
(TA) and BaCl2 to cause a chemical injury in the left TA. The control injection is used to
show that the puncture wound from the injection is not what is causing the injury to the
muscle or the enhanced permeability.
Assessment of Permeability: Two days post injection, mice were injected with 200ul of
Evan’s Blue dye (EB) into the lateral tail vein (Wang 2015). After 30 minutes, mice were
sacrificed and both TA muscles were removed and weighed. Muscles were placed in
200ml of formamide overnight to extravasate the Evan’s blue from the muscle. The
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absorbance of the formamide solution was measured on an Accuris Instruments
SmartReaderTM 96 at 630nm.
Statistical Analysis: A two-way ANOVA was done to compare weights, absorbance
measurements, and nanograms of EB per mg of muscle weight for males and females
as well as NaCl treated muscles to BaCl2 treated muscles.
Results
At 4, 8, and 12 weeks and at 6 months and 1 year of age, baseline permeability
is not significantly different between males and females suggesting baseline muscle
permeability is similar between the sexes up to a year of age (Fig. 1). In both sexes,
injection of BaCl2 elevated evan’s blue entry into the muscle at all ages investigated
(Fig. 1). Because BaCl2 injection results in a chemical injury to the muscle this was an
expected finding. BaCl2 injection in males resulted in significantly higher permeability
than in females at 4 weeks (Fig. 1A). Because the amount of BaCl2 injected was
equalized to weight, this may suggest that males have a greater inflammatory response
at younger ages. In contrast, BaCl2 injection in females resulted in significantly higher
permeability than in males at 1 year (Fig. 1E). Additionally, there was a trend in females
that permeability following injury was greater with age. Evan’s blue extraction was
significantly greater at 12, 26 and 52 weeks as compared to 4 and 8 weeks in females
(Fig. 2A). The opposite trend is observed in males with permeability following injury
decreasing with age. Evan’s blue extraction was significantly reduced at 8, 26 and 52
weeks as compared to 4 week old males (Fig. 2B). This suggests the inflammatory
response may be different between the sexes as they age.
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Baseline muscle permeability is not significantly different between castrated and
uncastrated mice, or ovariectomized and unovariectomized mice, respectively (Fig. 3).
Injection of BaCl2 elevated evan’s blue entry into the muscle in the castrated,
uncastrated, ovariectomized and unovariectomized groups (Fig. 3). No significant
differences were found between BaCl2 injected TAs of castrated or uncastrated mice
(Fig. 3B). In addition, no significant differences were found between BaCl2 injected TAs
of ovariectomized or unovariectomized mice (Fig. 3A). This suggests that gonadal
hormones do not play a role in permeability differences in mice 12 weeks of age.
Discussion
There are three types of capillaries that make up capillary beds, each varying in
permeability and EB absorption. Sinusoidal capillaries are the most permeable and
absorb the most EB, fenestrated capillaries are somewhat permeable and absorb some
EB, and continuous capillaries are the least permeable and do not absorb much EB
(Carpenter 2009). Skeletal muscles contain continuous capillaries; therefore, a healthy
skeletal muscle is not very permeable. We injected the TA’s with either NaCl or BaCl2 as
a control or to cause a chemical injury respectively. Consistently across all ages and
both sexes we saw significantly increased permeability in the BaCl2 treated (injured)
muscles compared to the NaCl treated (control) muscles in the same mouse. This
shows that the BaCl2 treated muscle was more injured than the NaCl treated muscle.
The permeability is what allows inflammation in the injured area, however inflammation
may not be a bad thing as it allows cells, proteins, and regeneration factors to come to
the injured muscle.
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We compared endothelial permeability at 48 hours post skeletal muscle injury in
male and female mice at 1 month, 2 months, 3, 6 and 12 months of age. We
hypothesized that the female mice would show more permeability at 48 hours post
injury than the male mice at all ages. Our findings were more complicated as
permeability following injury trends down with age in females, and up with age in males.
These findings could be beneficial for medical professionals to tailor an injured athlete’s
treatment to their age and sex since there are permeability and therefore possibly
inflammation differences.
Despite the fact we see sex differences in permeability after injury, eliminating
gonadal hormones did not change these findings. However, we did look at 12 weeks of
age, a time point where we did not see significant differences between evan’s blue
extraction following injury between the sexes. The castration and ovariectomy
procedures cannot be performed earlier and would be unlikely to make a difference as
the mice would not have yet reached sexual maturity. However, we do plan on
repeating these experiments at 1 year of age to see if sex hormones play a role in the
permeability differences we see as mice age.
In conclusion, we found that in all sexes and ages BaCl2 treated muscles were
more permeable, therefore more injured, than the NaCl treated muscles. We also
concluded that the inflammatory response becomes more robust as females age and
less robust as males age in response to muscle injury. This data should be considered
when treating muscle injury.
Prior to the COVID-19 pandemic we planned to further this research by examining
the concentration of wls in injured and uninjured muscles. Wls is a messenger protein
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that helps release wnts in macrophages from the golgi apparatus to the cell membrane.
We used liquid nitrogen to freeze the muscles at 48 hours post injury that we planned to
perform western blots with. We currently have an antibody in the lab for wls western
blots, however we have not used it yet and cannot confirm that it will work properly. If
western blots did not work, we had planned to use polymerase chain reactions (PCR) to
measure the amount of wls signaling in each of the muscles. This methodology has
been established in the lab.

Tusavitz 8

References
Carpenter, A., Tusavitz, S., Curran, C. and Salik, O. (2018). Variations in Organ
Capillary Permeability with Translation to Early Innate Immune Permeability Responses.
[online] LifeSciTRC.org. Available at:
https://www.lifescitrc.org/resource.cfm?submissionID=11727 [Accessed 12 May 2019].
Chazaud, B., Brigitte, M., Yacoub-Youssef, H., Arnold, L., Gherardi, R., Sonnet, C.,
Lafuste, P. and Chretien, F. (2009). Dual and Beneficial Roles of Macrophages During
Skeletal Muscle Regeneration. Exercise and Sport Sciences Reviews, 37(1), pp.18-22.
doi:10.1097/JES.0b013e318190ebdb
Guillodo, Y. and Saraux, A. (2009). Treatment of muscle trauma in sportspeople (from
injury on the field to resumption of the sport). Annals of Physical and Rehabilitation
Medicine, 52(3), pp.246-255. doi:10.1016/j.rehab.2008.12.014
Hardy, D., Besnard, A., Latil, M., Jouvion, G., Briand, D., Thépenier, C., Pascal, Q.,
Guguin, A., Gayraud-Morel, B., Cavaillon, J., Tajbakhsh, S., Rocheteau, P. and
Chrétien, F. (2016). Comparative Study of Injury Models for Studying Muscle
Regeneration in Mice. PLOS ONE, 11(1), p.e0147198.
Kuswanto, W., Burzyn, D., Panduro, M., Wang, K., Jang, Y., Wagers, A., Benoist, C.
and Mathis, D. (2016). Poor Repair of Skeletal Muscle in Aging Mice Reflects a Defect
in Local, Interleukin-33-Dependent Accumulation of Regulatory T Cells. Immunity, 44(2),
pp.355-367. doi:10.1016/j.immuni.2016.01.009
McLennan, I. S. (1996). Degenerating and regenerating skeletal muscles contain
several subpopulations of macrophages with distinct spatial and temporal distributions.
Journal of Anatomy, 108(1), pp. 17-28.
Nicholas, J., Voss, J., Tsuji, J., Fulkerson, N., Soulakova, J. and Schneider, B. (2014).
Time course of chemokine expression and leukocyte infiltration after acute skeletal
muscle injury in mice. Innate Immunity, 21(3), pp.266-274.
doi:10.1177/1753425914527326
Ruffell, D., Mourkioti, F., Gambardella, A., Kirstetter, P., Lopez, R., Rosenthal, N. and
Nerlov, C. (2009). A CREB-C/EBP cascade induces M2 macrophage-specific gene
expression and promotes muscle injury repair. Proceedings of the National Academy of
Sciences, 106(41), pp.17475-17480. doi: 10.1073/pnas.0908641106
Tidball, J. G., & Wehling-Henricks, M. (2006). Macrophages promote muscle membrane
repair and muscle fibre growth and regeneration during modified muscle loading in mice
in vivo. The Journal of Physiology,578(1), 327-336. doi:10.1113/jphysiol.2006.118265
Tidball, J. and Welc, S. (2015). Macrophage-Derived IGF-1 Is a Potent Coordinator of
Myogenesis and Inflammation in Regenerating Muscle. Molecular Therapy, 23(7),
pp.1134-1135. doi: 10.1038/mt.2015.97
Tusavitz 9

Tidball, J. G. (2011). Mechanisms of Muscle Injury, Repair, and Regeneration.
Comprehensive Physiology, 1(4). doi: 10.1002/cphy.c100092
Vignaud, A., Hourde, C., Medja, F., Agbulut, O., Butler-Browne, G., & Ferry, A. (2010).
Impaired Skeletal Muscle Repair after Ischemia-Reperfusion Injury in Mice. Journal of
Biomedicine and Biotechnology,2010, 1-10. doi:10.1155/2010/724914
Wang, F., Nojima, M., Inoue, Y., Ohtomo, K. and Kiryu, S. (2015). Assessment of MRI
Contrast Agent Kinetics via Retro-Orbital Injection in Mice: Comparison with Tail Vein
Injection. PLOS ONE, 10(6), p.e0129326. doi: 10.1371/journal.pone.0129326
Welle, S., Tawil, R. and Thornton, C. (2008). Sex-Related Differences in Gene
Expression in Human Skeletal Muscle. PLoS ONE, 3(1), p.e1385.
doi:10.1371/journal.pone.0001385
Yoshida, A., Fujiya, H., Goto, K., Kurosaka, M., Ogura, Y., Yatabe, K., Musha, H.
(2015). Regeneration of Injured Tibialis Anterior Muscle in Mice in Response to
Microcurrent Electrical Neuromuscular Stimulation with or without Icing. Journal of St.
Marianna University, 6(2), 159-169. doi:10.17264/stmarien g.6.159

Tusavitz 10

4 Week Old Permeability

##

*

5
0

10
5
0

##

15
10

*

5
0

10

15
10
5
0

Female

NaCl
BaCl2

NaCl
BaCl2

***

5
0

Ovariectomized
Female

*

Male

6 Months Old Permeability

D
20

20

**
ng EB/mg TA

ng EB/mg TA

20

15

MaleUnovariectomized

Female

12 Week Old Permeability

C

15
10

NaCl
BaCl2

***

5
0

MaleUnovariectomized

Female
Ovariectomized

NaCl
BaCl2

*

Male

1 Year Old Permeability

E
20

ng EB/mg TA

15

20

ng EB/mg TA

15
10

20

**

8 Week Old Permeability

B

ng EB/mg TA

ng EB/mg TA

20

ng EB/mg TA

A

15

##

NaCl
BaCl2

***

10

*

5
0

Female

Male

Figure 1. Absorbance of Evans Blue Compared to Weight of Tibialis Anterior. The
black bars represent NaCl treated muscles and the red bars represent BaCl2 treated
muscles. (A) 4 week old comparison (B) 8 week old comparison (C) 12 week old
comparison (D) 6 month old comparison (E) 1 year old comparison. *=p<0.05, **,
Tusavitz 11
##=p<0.01, ***=p<0.001, ****=p<0.0001

Female Permeability Changes

ng EB/mg TA

A

***

20

NaCl
BaCl2

15

*

*

10
5
0

4

8

12

26

52

Weeks
B

Male Permeability Changes

ng EB/mg TA

20

NaCl
BaCl2

15

*

10

****

5

****

0

4

8

12

26

52

Weeks
Figure 2. Absorbance of Evans Blue Compared to Weight of Tibialis Anterior with
age. The black bars represent NaCl treated muscles and the pink/blue bars represent
BaCl2 treated muscles. (A) female comparison (B) male comparison *=p<0.05,
***=p<0.001, ****=p<0.0001 vs. 4 week BaCl2 injected TAs.
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Figure 3. Absorbance of Evans Blue Compared to Weight of Tibialis Anterior in
Castrated and Ovariectemized Mice. The black bars represent NaCl treated muscles
and the red bars represent BaCl2 treated muscles. (A) Permeability differences in
uncastrated vs. castrated mice. (B) Permeability differences between ovariectomized
and unovariectomized mice. *=p<0.05, **, =p<0.01
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